Our study focuses on the ephemeral stream deposits of Wadi Selloum to identify phases of morphodynamic stability (pedogenesis) and activity (flooding) in the direct vicinity of the rock shelter of Ifri n'Ammar (NE Morocco). As one of the oldest settlement sites of anatomically modern humans (AMH) in North Africa, Ifri n'Ammar documents periodical occupations since~170 ka. Since the discontinuous settlement record may reflect climate forcing with subsequent landscape changes, we aim at reconstructing the palaeoenvironmental variability recorded in the ephemeral stream deposits. In addition to the use of micromorphological, sedimentological, geochemical and mineralogical methods, the geochronological framework of ephemeral stream deposits was established by the application of different luminescence dating techniques. The deposition ages between 102 ± 8 ka and 1.3 ± 0.2 ka span different morphodynamically stable and active phases. Periods of enhanced aggradation occurred around~100 ka,~75 ka,~55 ka, after the LGM, and during the Holocene, whilst sedimentation ended after~1.3 ka. The Wadi Selloum might be characterised by enhanced flooding during humid phases. Pedogenesis may be used as environmental indicator for more humid climate conditions during MIS 3 (palaeo-Calcisol), the early Holocene (Calcisol) and the late Holocene (Fluvisol). This study thus provides first insights into the palaeoenvironmental changes around the rock shelter of Ifri n'Ammar during the last glacial-interglacial cycle.
Unravelling fluvial deposition and pedogenesis in ephemeral stream deposits in the vicinity of the prehistoric rock shelter of Ifri n'Ammar (NE Morocco) during the last 100 ka 
Introduction
Located in NE Morocco, the rock shelter of Ifri n'Ammar represents a key settlement site for anatomically modern humans (AMH) in North Africa. It exhibits discontinuous occupation phases since~170 ka and therefore records one of the oldest evidence of AMH presence in this region Richter et al., 2010) . It has been shown that climate forcing has affected human settlements in Northern Morocco since the Last Glacial Maximum (LGM; e.g. Barton et al., 2005; Courty and Vallverdu, 2001; Linstädter et al., 2012; Lubell, 2001; Zielhofer and Linstädter, 2006) . Numerous investigations on fluvial archives also unravelled palaeoenvironmental conditions during the Late Glacial and the Holocene in the Western Mediterranean (e.g. Barathon et al., 2000; Benito et al., 2015; El Amrani et al., 2008; Ibouhouten et al., 2010; Pissart and Boumeaza, 2010; Wolf and Faust, 2015; Zielhofer et al., 2008 . In contrast, very little information was obtained on geo-archives predating the LGM in NE Morocco (Rixhon et al., 2017) .
Against this background, we have investigated the ephemeral stream deposits of the Wadi Selloum at the footslope of the archaeological site of Ifri n'Ammar as this environment exhibits fluvial archives (at least) as old as the marine isotope stage (MIS) 4 (Bartz et al., 2015) . However, ephemeral stream deposits are challenging geo-archives for reconstructing landscape changes, since these fluvial systems are highly discontinuous (Bull, 1997) . Indeed, it is difficult to distinguish between phases of morphodynamic activity, including both fluvial downcutting and aggradation (e.g. Patton and Schumm, 1981) , and morphodynamic stability, mostly indicated by pedogenesis (e.g. Fedoroff and Courty, 2013) . This is mostly because climatic and anthropogenic influences as well as autogenous changes may cause spatially variable incision or filling episodes within these fluvial systems (Bull, 1997; Faust et al., 2004; Wolf et al., 2014) .
Detailed sedimentological and geochemical analyses may help to differentiate phases of variable morphodynamics. Fluvial sediments of perennial river systems, such as the Medjerda River in Tunisia, contain clear features of pedogenesis as indicated by thin section studies , and intercalated layers deposited by severe flood events inferred from geochemical sediment composition . In Morocco, Holocene terraces of the Kert River (Barathon et al., 2000; El Amrani et al., 2008) show features of different soil forming phases determined from pedological and sedimentological criteria (Zielhofer et al., 2008) . Similar patterns have been observed in deposits of the Moulouya River . Although catchments of ephemeral stream systems are usually much smaller, similar studies can be undertaken. Grain-size analyses of sediments from Wadi Sabra (Jordan) provide evidence of fluvial and fluvio-aeolian sedimentation during MIS 3 and MIS 2, whilst periods of soil formation could be identified by analyses of carbonates and organic matter (Bertrams et al., 2012) .
Establishing chronologies for ephemeral stream sediments is likewise challenging. Gastropod shells found in our ephemeral stream profiles could be theoretically sampled for radiocarbon dating, but this material is prone to reworking issues in ephemeral fluvial systems (Rixhon et al., in press ). Whilst optically stimulated luminescence (OSL) dating has been successfully applied in such settings (e.g. Bartz et al., 2015; Bubenzer et al., 2007; Klasen et al., 2013) , the applicability of OSL dating of quartz is usually limited to~200 ka due to the low saturation level of the quartz fast component (Wintle and Murray, 2006) . For older sediments, infrared stimulated luminescence (IRSL) dating of feldspars may represent a valuable alternative, although IRSL ages may suffer from anomalous fading, leading to a loss of signal over time and possible age underestimation (e.g. Huntley and Lamothe, 2001; Wintle, 1973) . In this respect, post-infrared infrared stimulated luminescence dating at an elevated temperature of 290°C (pIRIR 290 ; Thiel et al., 2011) offers feldspar signals which are less affected or unaffected by anomalous fading (Thomsen et al., 2008) .
This study thus aims at (i) identifying pedogenetic processes and flooding activity in Wadi Selloum's ephemeral stream deposits as indicators for morphodynamic stability and activity, respectively, using micromorphological, sedimentological, geochemical and mineralogical proxies; (ii) establishing a chronology for the depositional units by a combination of different luminescence dating approaches; and (iii) discussing the Wadi Selloum record in the Late Quaternary palaeoenvironmental context of the Western Mediterranean region and possible correlations of the inferred environmental changes with the phases of occupation in the Ifri n'Ammar rock shelter.
Study area

Climatic and geomorphological setting
The~290 km 2 wide catchment of the Wadi Selloum, a western tributary of the lower Moulouya river, drains the northernmost prolongation of the Middle Atlas Mountains in NE Morocco (Benjelloun et al., 1971) (Fig. 1a, b ). The present climate is semi-arid with annual precipitation ranging between 200 and 600 mm (Snoussi et al., 2002) . Most of the rainfall is concentrated during episodic and high-intensity events (Snoussi et al., 2002) . The precipitation pattern is reflected by the hydrological regime, dominated by episodic flash floods with rapid flow velocity and high sediment discharge (Abdalla et al., 2014) . Rain-fed agriculture and extensive grazing of sheep and goats are common, thus causing recent human-induced soil erosion. The studied area of the Wadi Selloum encompasses~20 km 2 of the upper catchment (Fig. 1b, c) , exclusively composed of Mesozoic limestone and dolomite (Benjelloun et al., 1971) . The ephemeral stream system drains the foothills of the rock shelter of Ifri n'Ammar in a southeastern flow direction, and is fed by two tributaries (Fig. 2a) . The ephemeral stream sediments observed in the (sub-)vertical bank profiles generally consist of alternations of coarse-grained (gravel) and fine-grained (silt-and clay-rich) deposits. Whilst the latter is essentially transported as suspension load, the former mostly represents bed load material and is indicative of channel deposits. Given the discontinuity of ephemeral stream systems (Bull, 1997) , we observed spatial heterogeneity in the wadi banks. The width of the valley floor is highly variable: it amounts to only~150 m between the rock shelter and Rock Selloum (Fig. 2a) , but rapidly increases downstream, where channel widening is also observed. Several rock fall events occurred along the limestone cliff of Rock Selloum; the deposits of the two largest of them (rf I and rf II) extend to the valley floor directly upstream of Ifri n'Ammar (Fig. 2a) . Geomorphological analysis of Quaternary terrace systems of the lowermost Moulouya reach along with a morphometric analysis of the whole Moulouya catchment, including a focus on the Wadi Selloum catchment, highlights a long-term disequilibrium of both the main trunk and the tributary (Barcos et al., 2014; Rixhon et al., 2017) . This might be reflected by two 3-4 m-high knickpoints (kp I and kp II; Fig. 2b ) disrupting the present-day ephemeral stream channel, although their locations seem closely related to decimetrethick calcrete crusts within the episodically active stream bed (Fig. 2a) .
Archaeological background
The archaeological layers of the Ifri n'Ammar rock shelter reveal discontinuous phases of AMH settlements during the last~170 ka. The lower part shows a Middle Palaeolithic sequence (Mikdad et al., 2004; Nami and Moser, 2010) , which is dated to time spans between 171 ± 12 ka and 145 ± 9 ka, as well as between 130 ± 8 ka and 83 ± 6 ka (thermoluminescence, TL, ages of heated flint; Richter et al., 2010) . The uppermost part of the Middle Palaeolithic sequence has been 14 Cdated to a time span between 51.5 ± 1.3 ka BP and 38.9 ± 2.0 ka BP (Linstädter et al., 2012; Mikdad et al., 2002; Moser, 2003) . The upper part of the archaeological sequence covers the Upper Palaeolithic related to the Iberomaurusian culture, which is 14 C-dated between 13.9 ± 0.08 ka .5 ka cal BP) and 10.0 ± 0.08 ka BP (11.7 ± 0.4 ka cal BP) (Linstädter et al., 2012; Moser, 2003) .
Materials and methods
Fieldwork and sampling strategy
The current stream bed topography of the main trunk (Fig. 2b) was measured by differential GPS (Topcon DGPS). Ephemeral stream deposits were investigated and documented (FAO, 2006) in four different profiles; the latter are located downstream of (IAM 2), next to (IAM 6) and upstream of (IAM 28 and IAM 29) the archaeological site (Fig. 1c) . Within the current stream bed the contact with the carbonate bedrock was not reached in any of the profiles.
From profile IAM 2 (Fig. 3) , five luminescence samples were collected at depths of 0.90 (C-L3830), 1.90 (C-L3388), 2.85 (C-L3385), 3.85 (C-L3383) and 4.80 (C-L3389) m below surface (b.s.). Eight micromorphological samples (thin section, TS) were taken at depths of 1.97, 2.32, 2.52, 2.92, 3.22, 3.57, 3.92 and 4 .22 m b.s. (TS 2.1-2.8). The profile IAM 2 was sampled in 10 cm intervals down to 4.80 m b.s. Two luminescence samples from profile IAM 6 (Fig. 4) , previously dated by OSL (C-L3393 and C-L3395; Bartz et al., 2015) , were measured with the pIRIR 290 dating technique for an inter-method comparison. In addition, two samples for micromorphological studies were taken at 1.05 and 4.50 m b.s. (TS 6.1-6.2). The profile IAM 6 was also sampled in 10 cm intervals down to 4.90 m b.s., except between 2.90 and 4.20 m b.s. where a strongly cemented layer hampered any sampling. From IAM 29 (Fig. 5) , two luminescence samples were collected at depths of 0.90 and 1.97 m b.s. (C-L3828 and C-L3829), and samples for micromorphological analyses at 1.50 and 1.97 m b.s. . Sediments from the IAM 29 profile were also sampled at 10 cm intervals from the surface to 2.50 m b.s.; we assume that this profile is analogous to the IAM 28 profile (Fig. 5) . Four additional samples for micromorphological analyses Fig. 2 . a: Overview of the Wadi Selloum valley in the vicinity of Ifri n'Ammar; the main geomorphological features are indicated. i -An alternation of coarse-grained gravel and fine-grained overbank deposits at the location of knickpoint (kp) I. The top of kp I is characterised by a dm-thick calcrete. ii -Rock fall (rf) deposits in the main trunk of Wadi Selloum. iii -Downstream of Ifri n'Ammar, the valley bottom of Wadi Selloum widens to~700 m due to an increase in the accommodation space. iv -Knickpoint (kp) II is characterised by~2 m-thick profiles with calcretes at the base of the modern stream bed. b: Longitudinal profile of the studied Wadi Selloum section with locations of the photographs i-iv, the investigated profiles, the two knickpoints (kp I and kp II), the two rock falls (rf I an rf II) and the rock shelter of Ifri n'Ammar. The bed topography was measured by DGPS.
were collected in the upper part of the IAM 28 profile (Fig. 6) , at depths of 0.40, 0.70, 1.05 and 1.60 m b.s. ).
Sedimentological, geochemical and micromorphological analyses
Sediment samples were air-dried and sieved to separate the matrix fraction b 2 mm for further analyses. The grain-size distribution was measured three times in 116 classes with a laser particle sizer (Beckman Coulter LS13320) after removal of organic matter with H 2 O 2 (10%). After pre-treatment the samples were dispersed overnight within an overhead shaker using 2 ml 0.05 M sodium pyrophosphate (Na 4 O 7 P 2 ) to avoid coagulation. The GRADISTAT software version 4.0 (Blott and Pye, 2001 ) was applied for calculation of grain-size parameters after Folk and Ward (1957) . The loss on ignition (LOI) was determined by oven-drying (Carbolite ELF 11/14) the samples at 105°C for 12 h and by ignition in an annealing furnace at 550°C for 4 h (LOI 550 ; Heiri et al., 2001 ). The LOI 550 was used as an indicator for pedogenic accumulation of organic matter, although its accuracy is limited due to possible dehydration of clay or metal oxides, loss of volatile salts or loss of inorganic carbon in minerals (Heiri et al., 2001; Mook and Hoskin, 1982; Sutherland, 1998) . Analysis of the mineralogical phases was performed by Xray diffraction (XRD, Bruker D8-Advance diffractometer with CuKα radiations) on powdered bulk sediment (Moore and Reynolds, 1997) . The relative abundance of minerals (including carbonates) was estimated from the height of the main peak with the DIFFRACplus EVA software (Boski et al., 1998; Cook et al., 1975) . Thin section preparation followed the procedure of Beckmann (1997) . The observations were performed with a polarising transmitted-light microscope and description followed the guidelines of Stoops (2003) . The colours of dried sediments and soil material were determined with the Munsell Soil Color Chart. Soil identification followed the "World Reference Base for Soil Resources" (IUSS Working Group WRB, 2014).
Application of luminescence dating techniques to ephemeral stream deposits
Sample preparation for dose measurements included treatment with H 2 O 2 (10%), HCl (10%) and sodium oxalate to remove carbonates, organics and clay remains. Whilst density separation with sodium polytungstate was used to isolate coarse-grained (100-150 μm) quartz (ρ 1 = 2.62-2.68 g cm − 3 ) and feldspars (ρ 2 ≤ 2.58 g cm − 3 ), the polymineral fine-grained fraction (4-11 μm) was extracted using a centrifuge. The quartz minerals were etched with HF (40%) for 40 min plus a final HCl (10%) wash. All measurements were carried out in the Cologne Luminescence Laboratory (CLL) on automated Risø TL/OSL DA 20 readers equipped with 90 Sr/ 90 Y beta sources for irradiation, delivering dose rates of 0.08 Gy s − 1 . Quartz multiple-grain signal emissions (1 mm and 2 mm aliquots) were detected using blue light emitting diodes (470 ± 20 nm) and a Hoya U 340 glass filter (7.5 mm), whereas quartz single grains were stimulated for 2 s with a green Nd:YVO 4 diode-pumped laser (532 nm) (Bøtter-Jensen et al., 2000) . Equivalent dose (D e ) determination followed the single-aliquot regenerative-dose (SAR) protocol of Wintle (2000, 2003) , using the initial part of the decay curve (0-0.8 s) after subtraction of a late background (36-40 s) for quartz multiple-grain aliquots. For single-grain measurements, the OSL signal was derived from the first 0.054 s of stimulation minus a background of the last 0.4 s. A preheat-plateau test with increasing temperatures between 180 and 280°C (held for 10 s), in combination with a cut heat 20°C below the preheat temperature, was performed for sample C-L3828 to determine the appropriate thermal pre-treatment (7 multiple-grain aliquots per temperature step). Dose recovery tests (given dose = 80 Gy), in combination with different preheat temperatures, were conducted using 100 s blue-LED stimulation at room temperature (~25°C) for signal resetting. To investigate the OSL signal components, fitting of continuous wave (CW)-OSL curves was applied. CW-OSL measurements were carried out on three aliquots of sample C-L3828 and fitted using the software package R-Luminescence (Kreutzer et al., 2012) . IR stimulation (880 ± 80 nm) and signal detection through an interference filter (410 nm) were used for measuring the coarsegrained feldspar samples and the fine-grained polymineral sample. The first 2.4 s of stimulation minus a background of the last 40 s were used. The pIRIR signal was measured at 290°C (pIRIR 290 ; Thiel et al., 2011) for 200 s after a preheat of 320°C (hold for 60 s). At the end of each cycle, a 325°C IR bleaching was used. The prior IR stimulation temperature was chosen by performing prior IR stimulation temperature tests on three coarse-grained feldspar samples (C-L3395, C-L3829, C-L3830) and on the fine-grained polymineral sample C-L3389 to investigate the dependency of D e on prior IR stimulation . Although results of Thiel et al. (2011) and Buylaert et al. (2012) suggest that the pIRIR 290 seems to be unaffected by anomalous fading, sample C-L3395 was checked for anomalous fading using the procedure of Auclair et al. (2003) . A bleaching test with optical treatment in the solar simulator (Hönle SOL2) between 0.5 and 24 h was carried out for sample C-L3389 to test the bleaching characteristics of the pIRIR 290 -protocol. Furthermore, dose recovery (given doses commensurate with D e of each sample) and residuals after 24 h signal resetting in the solar simulator were determined for all samples.
The measured aliquots had to fulfil the following SAR rejection criteria for both quartz and pIRIR 290 samples: (i) test dose error ≤10%; (ii) recuperation b5% of the sensitivity-corrected natural signal; (iii) recycling ratio between 0.9 and 1.1 (for single grains between 0.85 and 1.15); (iv) D e b 2 * D 0 ; and (v) IR depletion ratio ≤ 10% (Duller, 2003) . The central age model (CAM; Galbraith et al., 1999) was used for D e calculation.
High-resolution γ-spectrometry using a high-purity germanium detector was carried out for dose rate determination. DRAC v1.1 (Durcan et al., 2015) was applied for dose rate and age calculation using the conversion factors of Guérin et al. (2011) , and alpha and beta attenuation factors of Bell (1980) and Guérin et al. (2012) ; the latter was specifically chosen for either quartz or feldspar grains. The contribution of cosmic dose rates was assessed following the approach of Prescott and Hutton (1994) . To account for attenuation of ionising radiation by pore water, field water contents (mass of water relative to the dried sample) of 4-20% were considered with an uncertainty of~30%. For coarse-grained feldspar, an α-efficiency of 0.11 ± 0.03 (Balescu and Lamothe, 1993) was used, whilst an α-efficiency of 0.07 ± 0.02 (Preusser et al., 2005) was assumed for polymineral fine grains. An internal potassium content of 12.5 ± 0.5% (Huntley and Baril, 1997) was assumed for feldspars.
Results
Profile descriptions
In the following, the investigated profiles are described from their positions downstream to upstream of the rock shelter of Ifri n'Ammar. Depths of all units or their boundaries are given below surface (b.s.).
Profile IAM 2
The bipartite,~5 m-high profile IAM 2 ( Fig. 3) is located~230 m to the east of Ifri n'Ammar (Fig. 1c) . Reddish yellow (7.5YR 6/6) silts form unit 1 (5.00-4.00 m). They include sparse charcoal remains, terrestrial gastropods (e.g. Otala cf. lactea) and carbonate precipitations. Reddish yellow (7.5YR 6/6) sandy silts, embedding sparse, subangular, up to 2 cm-large gravel, form unit 2 (4.00-3.40 m). Reddish yellow (7.5YR 6/6) sediments with a coarseningupward tendency, from fine sandy silts to silty fine sands, form unit 3 (3.40-2.50 m), including a few specimens of Otala cf. lactea and charcoal remains. The overlying stratum at 2.50-1.80 m (unit 4) shows a silty matrix with a reddish yellow (7.5YR 6/6) sediment colour. The base of unit 5 is marked by an erosional unconformity at 1.80 m. This unit (1.80-1.60 m) is formed by solidified gravels of up to 10 cm in size (C2). Marked by a sharp basal boundary, the homogeneous unit 6 (1.60-0.50 m) is formed by reddish yellow (7.5YR 6/6) sandy silts, embedding sparse, subangular, up to 3 cm-large gravel. The top 0.60 m-thick solidified layer (unit 7; C3) is composed of up to~20 cm-large gravel.
Profile IAM 6
The~4.90 m-high profile IAM 6 (Fig. 4) is located~150 m to the northeast of Ifri n'Ammar (Fig. 1c) . We refer to the stratigraphic description of Bartz et al. (2015) for this profile. Reddish yellow (7.5YR 6/6) sandy silt form the lowermost unit 1 (4.90-4.10 m). The base of the composite unit 2 is marked by an erosional unconformity at 4.10 m. Gravels in a sandy matrix are cemented in the lower part of unit 2 (4.10-3.65 m), forming a calcrete layer (C2); they are less solidified in the middle part (3.65-3.00 m). The upper part of unit 2 (3.00-2.30 m) is formed by reddish yellow (7.5YR 6/6) silty sands. The overlying unit 3 (2.30-2.10 m) is characterised by gravel in a sandy matrix. The uppermost unit 4 of the profile (2.10-0 m) is characterised by a fining-upward sequence from silty fine sands to fine sandy silts. It is interspersed by layers of well-preserved terrestrial gastropods (e.g. Otala cf. lactea, Rumina decollata) and pieces of charcoal at 0.60 and 0.20 m. A change in the sediment colour to light brown (7.5YR 6/ 4) is observed from 0.40 m up to the top.
Profile IAM 29
The~3.20 m-high profile IAM 29 ( Fig. 5 ) is located~600 m to the northwest of Ifri n'Ammar (Fig. 1c) . The 0.60 m-thick basal unit 1 (3.20-2.60 m) is composed of up to 10 cm-large, subangular carbonate gravel and stones (C1), cemented by a calcareous sandy matrix. The overlying unit 2 (2.60-1.70 m) is dominated by reddish yellow (7.5YR 6/6) sandy silts, intercalated by a gravel-dominated layer (2.35-2.20 m) composed of 5 cm-large subangular components. The unit 3 (1.70-1.30 m) is characterised by reddish (7.5YR 7/4), clay-rich silts, with up to 2 cm-large carbonate nodules. The overlying unit 4 (1.30-1.15 m) is composed of up to 10 cm-large subangular gravel, embedded in clay-rich silts. The uppermost unit 5 (1.15-0 m) is a coarsening-upward sequence from clay-rich silts to fine sandy silts. The sediment colour changed from reddish yellow (7.5YR 7/6) to yellowish brown (10YR 5/4). The uppermost layer of the profile (0.60-0 m) includes organic material (e.g. roots), terrestrial gastropods (e.g. Otala cf. lactea) as well as carbonate and dolomite fragments.
Profile IAM 28
The~3.20 m-high profile IAM 28 ( Fig. 6 ) is situated~40 m upstream of profile IAM 29 (Fig. 1c) . Since both profiles present similar sediment characteristics, the unit classification of IAM 29 is adopted for this profile. Basal gravels (C1) form unit 1 (3.20-2.60 m). Light brownish (7.5YR 6/4) silts compose unit 2 (2.60-2.15 m). The overlying yellowish/reddish (7.5YR 7/4 to 7/6), clayey/silty unit 3 (2.15-1.95 m) is characterised by well-developed subangular blocky peds and up to 2 cm-large carbonate nodules. Unit 4 (1.95-1.80 m) is composed of subangular gravel (~10 cm in size). The uppermost unit 5 (1.80-0 m) shows colour changes from reddish yellow (7.5YR 7/6) to yellowish brown (10YR 5/4). A compact clay-rich silt was observed from 1.80 to 0.60 m; it also exhibits carbonate precipitations and up to 1 cm-large nodules. The latter only occur up to 0.95 m, whereas carbonate precipitation was observed up tõ 0.40 m. Furthermore, the sediment structure is characterised by slightly developed blocky peds from 0.95 to 0.60 m. The uppermost layer of the profile (0.60-0 m) includes occasional roots, subangular gravel (~3 cm in diameter) and terrestrial gastropods (e.g. Otala cf. lactea).
Sediment properties and soil micromorphology
The results of micromorphological analyses are presented in Tables 1 and 2 . According to similar characteristics and recurring patterns observed in the 16 thin sections (TS), they may be classified into three distinct groups. Group 1 has characteristic A horizon features, group B relates to B horizons, and group 3 points to sediments weakly altered by pedogenesis (C horizons).
A horizon features
Group 1 encompasses TS 28.1, 28.2 and 6.1 (Fig. 7) . The silty and sandy fractions are dominated by angular to subangular quartz, Kfeldspar and plagioclase grains (Fig. 7d) . The coarser fabric units occur unsorted in a dense matrix, which results in a single (TS 28.1) to double (TS 6.1 and TS 28.2) spaced porphyric c/f-related distribution. Whilst TS 28.1 shows a partly undifferentiated b-fabric, the TS display a calcitic crystallitic b-fabric due to dispersed micrite in the groundmass. Primary carbonates, mostly corresponding to fragments of gastropod shells and carbonate rocks, are only present in small amounts which is in agreement with rather small values of both dolomite and calcite. The TS are characterised by moderately developed pedality and ped separation (Fig. 7a-c) . The microstructure is spongy, crumb and granular, which can be related to infillings in burrows and to bioturbated parts of the TS. Less than 1 mm small pieces of charcoal are evident. Most of the crumbs are mammilated excrements. Some circular or ellipsoidal burrows with perfectly smooth walls consisting of compacted fine-grained material are evident. Pedofeatures are rare; only a few Fe and Mn nodules occur in the groundmass. Only TS 28.2 is characterised by low abundance of secondary carbonate coatings along voids in the lower parts of the section (Fig. 7e) . Very rarely, dusty clay coatings with poorly oriented clay along mineral grains were observed. The darkening of the topsoil in comparison to the subsoil is related to an enrichment of organic material (Ah horizon), although the organic content of the A horizons are rather low with values of LOI 550 b1%. An Ap horizon describes the topsoil which is influenced by tillage, but otherwise with similar characteristics as the Ah horizon.
B horizon features
Group 2 encompasses TS 28.3, 28.4 and 29.1 (Fig. 8) . The c/f-related distribution is single-(TS 28.4) to double-(TS 28.4 and 29.1) spaced porphyric, dominated by silt-to sand-size quartz and feldspar grains. In these B horizons, precipitation of secondary carbonates is the most prominent feature, however, abundant grains of primary carbonate (shell and rock fragments) are found as well. The richness in calcareous components is reflected in high amounts of calcite and dolomite. In addition, the B horizons are characterised by the development of a subangular-blocky microstructure, which, in the case of TS 28.4 is weakly developed. The aggregation is conspicuous due to the development of well-separated subangular blocky peds (Fig. 8a-c) , especially in TS 29.1 where aggregates are separated by planes (Fig. 8c) . The degree of pedality is moderate (TS 28.3 and 29.1) to weak (TS 28.4) . TS 28.4 shows unaccommodated peds, whilst in TS 28.3 and 29.1 peds are partially accommodated. As voids, mainly planes are visible beside chambers and channels. All TS show a crystallitic b-fabric, due to finely-dispersed calcite grains. Various pedofeatures occur: infillings of secondary carbonate (Fig. 8d, e) , calcite coatings ( Fig. 8g-i) , and Fe and Mn nodules (Fig. 8e) . Intercalations are visible in TS 28.4 (Fig. 8f) . Oriented clay is only documented in form of thin coatings around quartz and feldspar grains. Calcite depletion pedofeatures were not found. Rarely biogenic pedofeatures are visible in form of mammilated excrements and passage features. The subsoil horizons Bk1 and Bk2, respectively, are characterised by different degrees of carbonate precipitation.
C horizon features
Group 3 encompasses TS 2.1-2.8, 6.2 and 29.2 (Fig. 9) . Mineral grains are distinguished by a subangular to angular shape in a singleto double-spaced porphyric c/f-related distribution of the groundmass. Beside quartz, K-feldspar and plagioclase minerals, all TS contain primary carbonates, mainly corresponding to calcite and dolomite grains and shell remains. Charcoal residues rarely occur in the groundmass. Rounded aggregates are randomly formed in the sediment and are composed of finer material than the micromass Table 1 Micromorphological results of thin section (TS) analyses focusing on structure and groundmass features as well as residues of biogenic origin. The observations were performed with a polarising transmitted light microscope. The descriptions follow the guidelines of Stoops (2003) 
Chamber and granular Single-spaced porphyric
Chamber-channel and granular Single-spaced porphyric
Chamber-channel and granular Single-spaced porphyric ( Fig. 9h, i, k, n) . The microstructure is a mixture of channel, chamber and granular types. A crystallitic b-fabric is mainly expressed. Accommodation is insignificant and, occasionally, pedality is weakly developed. Voids occur frequently as chambers and channels, partly as vughs and packing voids. Pedofeatures are rare and mainly consist of Fe and Mn nodules. Sparse hypocoatings are found in TS 2.1, 6.2 and 29.2 (Fig. 9g, l, m, o) . Precipitation of secondary carbonates is visible in form of infillings to a slight degree in TS 2.1 (Fig. 9f ), 2.3 and 2.4. The fluvial nature of the sediment is evident by locally preserved microlayers, showing a fining-upward sequence (Fig. 9j) . Biogenic pedofeatures in form of mammilated excrements, sediment cocoons and passage features occur rarely. LOI 550 values are rather low (b1%).
Soil identification
Three soils have been identified in the Wadi Selloum deposits: profiles IAM 28 and IAM 29 (Figs. 5, 6 ) comprise one buried soil in form of a 2Bk-2C sequence (palaeosol) in units 2 and 3, and a second soil characterised by an Ah-Bk1-Bk2-C sequence (soil I) in units 4 and 5. Here, the two Bk horizons provide information about age-related carbonate precipitation. The 2Bk horizon of the palaeosol is characterised by high and intensive precipitation of secondary carbonate and strong pedality (TS group 2, Fig. 8 ). Soil I belongs to the Calcisol group displaying processes of dissolution of primary carbonates in the A horizons (TS group 1, Fig. 7 ) and precipitation of secondary carbonates in the B horizons (TS group 2, Fig. 8 ). As based on the similarity of soil properties with the modern Bk horizon at profiles IAM 28 and IAM 29, the palaeosol may thus represent a subsoil horizon of a former Calcisol. Profile IAM 6 (Fig. 4) reveals pedofeatures characteristic for A horizons (TS group 1, Fig. 7 ) which are found at~1 m depth (Fig. 4) , reflecting intense bioturbation near a former land surface. Here, a third soil is formed characterised by an Ap-C sequence (soil II) and classified as a weakly developed Fluvisol. Below the A horizon, a clear differentiation in soil horizons is not evident, probably because aggradation of young sediments hampered formation of a Calcisol.
Geochronological framework 4.4.1. Luminescence properties and D e determination
Only sample C-L3828 (profile IAM 29) revealed a quartz signal below saturation level. For this sample, a preheat temperature of 9 . TS 2.1, 2.4, 2.8, 6.2 and 29.2 associated to TS group 3 (C horizon features). a-e: Flatbed scans showing a high degree of bioturbation in form of chambers and channels, as well as bioturbation features (bf). f: Precipitation of secondary carbonates (sc) along voids under plain-polarised light (PPL). g: Precipitation of secondary carbonates (sc) along voids under crossed-polarised light (XPL). h: (PPL) and i: (XPL) Rounded aggregates are evident, filled by fine-grained material beside rock fragments (borders are marked with white dashed lines). j: Microlayers showing a fining-upward sequence and indicating original fluvial sedimentation (PPL). k: Rounded aggregate filled by fine-grained material (XPL). l: (XPL) and m: (PPL) Hypocoating of secondary carbonate (sc) along one chamber (ch). Coarse-grained rock fragments of primary carbonates (pc) are evident in the matrix. n: Rounded aggregate filled by a mixture of fine-and coarse-grained material originating from the matrix (PPL). o: Slight degree of secondary carbonate (sc) precipitation (XPL). Note that the chamber is not marked by carbonate precipitation.
200°C was best suited to recover the given dose (0.98 ± 0.05, Fig. 10a ), a dominant fast component was presented by CW-OSL component fitting. For the 64 measured multiple-grain aliquots a total of 6 aliquots (~10%) were rejected due to saturation. For single-grain measurements,~20% of all grains provided bright signals (out of 1400 measured grains) including 106 grains (~38%) with signals above the saturation limit. For D e determination, 45 multiplegrain aliquots and 40 single grains passed the SAR acceptance criteria. Whilst the multiple-grain data yielded overdispersion N40% (Fig. 10b) , the single-grain dose distribution was characterised by even larger scatter (overdispersion N 80%; Fig. 10b ). The multiplegrain and single-grain dose distributions are approximately symmetrical. Suggesting that sample C-L3828 is affected by post-depositional processes (based on micromorphological analyses; Bk horizon, profile IAM 29), rather than partial bleaching, we used the CAM to calculate a D e value of 33.7 ± 4.7 Gy and 74.7 ± 6.1 Gy for the single-grain and multiple-grain data set, respectively. The finite mixture model (Galbraith, 2005) was inappropriate for D e determination due to missing dose populations.
Due to saturation of the quartz signal in most samples, potassium feldspars were also investigated. Sensitivity changes could be corrected adequately, and recuperation was b2% of the sensitivitycorrected natural signal. The prior IR stimulation temperature tests yielded a plateau between 50 and 175°C for all samples (Fig. 10c) . Since intensities of the pIRIR 290 signal decreased with increasing prior IR temperature and yielded weak signals (Fig. 10d) , a prior IR stimulation temperature of 50°C followed by IR stimulation at 290°C was used for all feldspar and polymineral samples. Dose recovery ratios between 0.94 ± 0.02 and 1.05 ± 0.03 revealed satisfactory reproducibility (Fig. 10e) . Residual doses between~1 and~5 Gy (Fig. 10e) and the results of the bleaching experiment of sample C-L3389 (Fig. 10f ) indicated adequate resetting of the pIRIR 290 signal in our samples. Due to rather small residual doses and insignificantly altered D e , subsequent subtraction from dose recovery and natural doses was redundant. For D e determination, 13 to 40 aliquots were accepted in case of the feldspar samples, whilst 8 aliquots of the fine-grained polymineral sample C-L3389 passed the SAR criteria. The main reason for rejection was the weak pIRIR 290 signal. The D e distributions (Table 3) were characterised by overdispersion values b20%; we applied the CAM for D e determination for all feldspar and polymineral samples. Fading rates (g-values) of pIRIR 290 signals (sample C-L3395) varied significantly between aliquots, with values from 0.3 to 1.2%/decade and an average of 0.8 ± 0.4%/decade.
The associated dosimetry data are presented in Table 4 . Gamma spectrometric measurements did not yield radioactive disequilibria in the uranium decay chain.
Chronostratigraphy of Wadi Selloums ephemeral stream deposits
All luminescence age estimates are in stratigraphically correct order within each profile. OSL and pIRIR 290 data are in agreement with age estimates of 13.9 ± 1.0 ka and 12.0 ± 1.1 ka (sample C-L3393), as well as 76 ± 5 ka and 65 ± 6 ka (sample C-L3395), respectively (Fig. 4) . Luminescence dating yielded ages dating back to MIS 5c: The five samples from profile IAM 2 yielded pIRIR 290 ages ranging between 102 ± 8 ka (C-L3389) and 57 ± 4 ka (C-L3830) from base to top (Fig. 3) . The lower sample from profile IAM 29 (Fig. 5 ) yielded an age of 74 ± 6 ka (pIRIR 290 ; C-L3829), whilst single-grain and multiple-grain dating of the upper sample (OSL; C-L3828) yielded ages of 18 ± 3 ka and 41 ± 4 ka, respectively. Fig. 10 . Luminescence dating results. a: Preheat-plateau (black circles) and dose recovery (grey circles) test results of quartz sample C-L3828 (multiple-grain aliquots). b: Multiple-grain (MG; black circles) and single-grain (SG; grey circles) equivalent dose (D e ) distributions of sample C-L3828 displayed as a combination of a radial plot and a kernel density estimate (KDE) plot (Galbraith and Green, 1990) , generated as abanico plot (Dietze et al., 2016) . n = number of grains; OD = overdispersion; CAM = central age model (Galbraith et al., 1999) . c: Dependence of D e on prior IR stimulation temperature of sample C-L3389 (fine-grained polymineral) and sample C-L3829 (coarse-grained feldspar); three aliquots were measured. d: Natural pIRIR 290 signal as a function of the first stimulation temperature (three multiple-grain aliquots, 1 mm). e: Dose recovery results (black circles) and residual doses (grey circles) of all feldspar and polymineral samples; four aliquots were used for both dose recovery and residual dose tests after bleaching in the solar simulator for 24 h. f: Bleaching experiment for sample C-L3389 (fine-grained polymineral; three aliquots for each time).
Discussion
How reliable are the luminescence ages of the ephemeral stream deposits?
The pIRIR 290 and OSL ages for samples C-L3393 and C-L3395 (Table 3 ; IAM 6) are in agreement within their 1σ-errors, but show slightly younger feldspar ages implying that our feldspar samples might be affected by anomalous fading. Kars et al. (2014) and Komatsu and Tsukamoto (2015) have mentioned that fading correction in pIRIR 290 is not redundant. Li and Li (2012) reported D e underestimation in pIRIR 290 for samples with high natural doses and recommended an increased temperature up to 200°C for the prior IR stimulation temperature, which is impossible for the samples of our study due to weak feldspar luminescence signals (Fig. 10d) . However, prior IR stimulation temperature tests revealed no influence of anomalous fading. Thus, the prior IR stimulation temperature of 50°C is able to effectively recombine all electrons stored in traps close enough to recombination centres to have a probability of tunnelling . This is in agreement with our results of the fading experiment which yields an average g-value of 0.8 ± 0.4%/decade. It is, however, rather a laboratory artefact than anomalous fading in nature Thiel et al., 2011) . Thus, we used fading uncorrected feldspar ages for further interpretations. An issue for our feldspars may be the internal dose rate. According to Huntley and Baril (1997) , the average internal K content of orthoclase feldspars, based on multiple-grain measurements, is 12.5 ± 0.5%, which was also assumed for K-feldspars in Table 3 Dose distribution characteristics, equivalent dose (D e ) determinations and age calculations of OSL and pIRIR 290 samples: SG = single grain; n a = amount of accepted aliquots (grains); n m = measured aliquots (grains); OD = overdispersion; CAM = central age model (Galbraith et al., 1999) ; MAM = minimum age model (Galbraith et al., 1999) ; n/a = not applicable; * = Bartz et al. (2015) . 80.7 ± 9.1 n/a n/a n/a n/a Table 4 Dose rate data set for quartz and feldspar samples. Summary of radionuclide concentrations of uranium (U), thorium (Th) and potassium (K) determined by high-resolution γ-spectrometry. The DRAC v1.1 (Durcan et al., 2015) was applied for dose rate calculation using the conversion factors of Guérin et al. (2011) , and alpha and beta attenuation factors of Bell (1980) and Guérin et al. (2012) (quartz-and feldspar-specific). The contribution of the cosmic dose rate was assessed following the approach of Prescott and Hutton (1994) . * = Bartz et al. (2015) . the Wadi Selloum catchment. Based on single-grain feldspar measurements, Reimann et al. (2012) have shown a dependence between the luminescence intensity and the internal K content. Hence, only the brightest grains have an average K content of 12.5%, whilst the dimmer grains may contain less K (Reimann et al., 2012) . A lot of feldspar multiple-grain aliquots were rejected due to weak luminescence signals. Following Reimann et al. (2012) this may hint to overestimated dose rates due to generally dim feldspar grains within the multiple-grain aliquots. However, measurements of individual potassium concentrations are not available for our samples, therefore using an assumed potassium concentration of 12.5 ± 0.5% seems to be the best way to calculate the dose rate. Insufficient bleaching prior to final deposition is a common bias resulting in age overestimation of fluvial deposits (e.g. Wallinga, 2002) . First investigations on modern quartz samples collected in the Wadi Selloum catchment showed that partial bleaching influenced samples with residual doses as high as 46 Gy (Bartz et al., 2015) . This is not necessarily redundant for older samples, but with a mean residual dose of~11 Gy it should influence especially the younger samples (Bartz et al., 2015; Jain et al., 2004; Murray et al., 2012) . Overall agreement of quartz and feldspar ages indicates that both luminescence signals are able to date the true burial age of the ephemeral stream deposits. Since the time required for complete resetting of the pIRIR 290 signal is much longer than that of the OSL signal, this convergence is only possible when both luminescence signals are well bleached before deposition Thomsen et al., 2016) .
Post-depositional processes were observed in our micromorphological studies (TS group 2; Fig. 8 ) which confirm biological activity (e.g. passage features) that leads to sediment mixing. These post-depositional processes and processes during deposition (i.e. partial resetting of the luminescence signal) should be carefully considered for luminescence samples with large scatter in the D e distribution (Bateman et al., 2003; Murray et al., 2012) . Sample C-L3828, collected in a Bk horizon (Fig. 5) , shows significant scatter in the quartz D e distribution when using both small aliquots (1 mm) and single grains (Fig. 10b) . We interpret that the large D e scatter derives mainly from post-depositional processes in the sediment layer. Therefore, the minimum age model (Galbraith et al., 1999) is not suitable for D e determination, since bioturbated samples might be contributed by low and high D e values, in contrast to partially bleached samples (Bartz et al., 2015; Bateman et al., 2007) . When comparing our single-grain CAM dose to that of the multiple-grain CAM dose, then the single-grain dose systematically underestimates the multiplegrain dose, which is similar to investigations of Thomsen et al. (2016) . In the single-grain data set,~38% of all grains yielded OSL signals in saturation, which might be the result of transported grains from lower sediment horizons. On the one hand, the use of multiplegrain aliquots might not be appropriate, since single grains with high doses contribute to the cumulative light sum of multiple-grain aliquots which would be rejected on the single-grain base. In this case the true burial age might be overestimated when using multiplegrain aliquots. On the other hand, it is still questionable whether the single-grain dose is underestimated due to many rejected saturated grains. Bearing in mind that an age cross-check does not exist for sample C-L3828, we carefully interpret that the CAM dose might give us a burial age of 18 ± 3 ka on the single-grain base (Table 3) , but should rather be considered as minimum age. It should also be taken with caution that the sampling location of sample C-L3828 (profile IAM 29; unit 5; Fig. 5 ) is affected by carbonate movements over time. Precipitation of secondary carbonates in the Bk horizon influences the external dose rate which is thus not constant since burial due to carbonate replacements of water and air in the sediment pores (Nathan and Mauz, 2008) .
Luminescence dating of ephemeral stream sediments still remains challenging due to complex luminescence characteristics.
Although independent age control was not available to cross-check our luminescence results in the Wadi Selloum, thorough laboratory experiments and inter-method comparisons between OSL and pIRIR 290 allow for establishing a reliable chronology of the Wadi Selloum deposits.
Pedogenetic features in ephemeral stream deposits of Wadi Selloum
Soil forming processes are observed in the Wadi Selloum deposits and may serve as environmental marker to detect landscape changes (Eppes et al., 2008) . The accumulation or translocation of secondary carbonates are obvious in the three identified soils in our study. Channel or chamber microstructures reflect biological activity in the form of root growth and soil mesofauna. Mammilated or spherical and often elongated mineral excrements of high packing density and slightly reddish-brown colour resemble earthworm casts of Lumbricidae (Stoops, 2003) . Aldeias et al. (2014) observed similar excrements in Last Glacial deposits of the Contrebandiers Cave (Western coast of Morocco), and related them to earthworms. Earthworm calcite was not detected in thin sections of our study. Therefore, it is still unclear, which type of soil-dwelling mesofauna produced these excrements. It is likely that the circular to ellipsoid burrows, showing well-formed walls and defined as sediment cocoons, were built by solitary wasp, as also suggested by Aldeias et al. (2014) for similar burrows at Contrebandiers Cave. Moreover, weakly expressed redoximorphic features such as Fe and Mn nodules are further indicators of pedogenesis. Formation of these features is mediated by microbial reduction of Fe and Mn in the presence of organic matter under reducing conditions and precipitation as oxides in the presence of oxygen, for instance under the influence of water table fluctuations (Lindbo et al., 2010) .
During the late Holocene a weak Fluvisol (soil II) developed in profile IAM 6, whilst earlier pedogenesis is evident from the wellpreserved Calcisol (soil I) in profiles IAM 28 and IAM 29 that developed during the mid-and early Holocene. The palaeosol in profiles IAM 28 and IAM 29 shares common features with the Calcisol (Bk horizon), but developed during the Late Pleistocene. Similarly, Badía et al. (2015) have shown that in semiarid NE Spain young soils of the Late Holocene are Calcaric Fluvisols and older soils developed since the Holocene-Pleistocene boundary are Haplic Calcisols. Nevertheless, changes of pedogenic properties over time cannot be regularly age-related due to the variability of the climate along the Late Pleistocene (Badía et al., 2009) . The older Calcisol (palaeosol) post-dates 74 ± 6 ka (pIRIR 290 ; C-L3829) and indicates the oldest recorded soil in the Wadi Selloum deposits. The palaeosol sequence was only captured in two profiles, illustrating the high variability in degradation and aggradation processes of such ephemeral stream systems (Bull, 1997 ). Yet, information about pedogenesis during MIS 3 are not documented in terrestrial archives from NE Morocco. Eppes et al. (2008) have suggested that pedogenic carbonate precipitates during drier climates and is susceptible to dissolution during wetter periods in Italy. In Southern Spain, García-García et al. (2016) have shown Calcisol development between N 44 and 34 ka due to more humid climate conditions.
Morphodynamic phases during the last 100 ka
Based on sediment characteristics and luminescence ages, chronostratigraphies for the four profiles are proposed (Fig. 11) , and observed similarities between profiles are referred to as layers in the following.
Layer I -oldest channel deposits
Given its age (N74 ± 6 ka) and its high degree of solidification, we suggest that the lowermost gravel layer I (C1) of profiles IAM 28 and IAM 29 might represent the oldest channel deposits of Wadi Selloum (Figs. 5, 6 ). Similar observations were reported from a wadi system in Jordan, where variable degrees of carbonate cementation affected younger and older channel deposits (i.e. channel calcretes; McLaren, 2004) . The absence of layer I in profile IAM 2 (dated to 102 ± 8 ka at its base) underlines the longitudinal discontinuity of ephemeral stream deposits (Bull, 1997) . Such systems are characterised by significant channel changes over time, particularly related to the occurrence of high-energy flash floods (Patton and Schumm, 1981; Poesen and Hooke, 1997) , as demonstrated by intense morphological changes during six decades in ephemeral stream channels of eastern Spain (Segura-Beltrán and Sanchis-Ibor, 2013).
Layer II -ephemeral stream deposits around 100 ka and 75 ka
The fine-grained sediments (layer II) can be subdivided in layers IIa and IIb with luminescence ages of~100 (MIS 5c) and~75 ka (MIS 5a), respectively. Whilst layer IIa is only observed in profile IAM 2 (Fig. 3) , the silty/clay-rich layer IIb is evident in all profiles and seems thus pointing to enhanced aggradation during MIS 5a. It is characterised by a large amount of local material (carbonate, dolomite) and a minor component of allochthonous aeolian sediments (quartz, K-feldspar, plagioclase). It is not straightforward to correlate these massive, unstratified~2.50 m-thick deposits in profile IAM 2 with one or several flooding event(s) around 75 ka. Contrary to coarse-grained gravels, fine-grained sediments (silts/clays) might also have been transported by hillslope processes and not deposited as overbank sediments (Bull, 1997; Patton and Schumm, 1981) . Increasing stabilisation of the land surface by vegetation, confirmed by the development of the palaeosol (Calcisol), may have led to enhanced sedimentation of finer sediments (Sandercock et al., 2007) .
Layer III -palaeochannel features and overbank aggradation around 55 ka
In profile IAM 2, the cemented layers IIIa (C2) and IIIc (C3) show similar characteristics to channel calcretes described in the Tabernas Basin in SE Spain (Nash and Smith, 2003) . The active stream bed of Wadi Selloum at knickpoints kp I and kp II revealed dm-thick CaCO 3 -cemented layers at the base of gravel deposits (Fig. 2a, b) . The development of these calcretes seems closely related to along-channel subsurface waters, extremely rich in carbonate, originating from the local Mesozoic rocks (Benjelloun et al., 1971) . The assumption of geomorphologically stable surfaces and enhanced pedogenetic processes with subsequent calcrete development for C2 and C3 seems unrealistic because these rather thin calcretes show no evidence of hardpan formation (Candy et al., 2003) . We therefore assume that layers C2 and C3 correspond to palaeochannels, located higher in the stratigraphic sequence than the present stream bed: + 2.50 m (C2) and +4.0 m (C3), with respective aggradation periods of~72 ka/~55 ka and b55 ka. Apparently, only sediments from the beginning of MIS 3 could be identified in profile IAM 2, whilst other investigated profiles do not show characteristics of MIS 3 deposits.
Layer IV -aggradation around 15 ka
After a phase of morphodynamic stability attested by the palaeosol (Calcisol; layer II; profiles IAM 28 and IAM 29), the layer IV is visible in profiles IAM 6, IAM 28 and IAM 29 (Fig. 11) , reflecting enhanced aggradation which took place at least between 18 ± 3 ka and 13.9 ± 1.0 ka (Bartz et al., 2015) . It is characterised by coarse silt to fine sand particles and high contents of allochthonous minerals (quartz, K-feldspar and plagioclase), which may suggest that aeolian input increased during MIS 2. Profile IAM 6 presents an erosional disconformity of coarser sediments (unit 3; Fig. 4 ), indicating enhanced hillslope deposition, characterised by unsorted angular deposits, after~14 ka.
Layer V -Holocene aggradation, landscape stability and recent incision
Only represented in profile IAM 6, the Holocene sequence between 6.8 ± 0.4 ka and 1.3 ± 0.2 ka (layer V, Figs. 4, 11) seems to display relative stability of the landscape and subsequent sediment trapping (Sandercock et al., 2007) . The weakly developed Fluvisol (soil II) in the upper part of profile IAM 6 reflects the development of a stable land surface during the late Holocene, at least since~1.3 ka. Afterwards, fluvial incision seems to be the dominant process in the catchment. Nowadays, the landscape is only covered by sparse vegetation due to intensive anthropogenic land use, which, in turn, induces soil degradation and erosion. This might have been the main reason for enhanced incision during recent times. 
Correlation with the archaeological sequence of Ifri n'Ammar and Late Quaternary palaeoenvironmental records of the Western Mediterranean region
The chronostratigraphies of the ephemeral stream deposits and of the archaeological sequence of Ifri n'Ammar are both discontinuous and span the time periods comprised between 102 ± 8 to 1.3 ± 0.2 ka (Table 3 ) and 171 ± 12 ka to 11.7 ± 0.4 cal ka BP Richter et al., 2010) , respectively. Fig. 12 summarises the correlation between morphodynamic phases of Wadi Selloum, the archaeological data of Ifri n'Ammar (Linstädter et al., 2012; Nami and Moser, 2010) as well as palaeoclimate records retrieved off the coast of West Africa as well as in the Alboran Sea and the Aegean Sea (Ehrmann et al., 2013; Pérez-Folgado et al., 2004; Tjallingii et al., 2008) .
MIS 5
The deposition of layer II correlates with MIS 5c (IIa) and MIS 5a (IIb). Given the uncertainty affecting both the TL ages of the archaeological sequence and our luminescence ages, layer II only matches the Middle Palaeolithic period around 83 ± 6 ka in Ifri n'Ammar Richter et al., 2010) . MIS 5c and MIS 5a are marked by warmer conditions in the Alboran Sea (Pérez-Folgado et al., 2004) . Additionally, two distinct African Humid Periods (AHP) are attested during MIS 5c (N105-95 ka; Ehrmann et al., 2013) and MIS 5a (83.5-72 ka; Ehrmann et al., 2013) characterised by a more humid climate and enhanced precipitation (Ehrmann et al., 2013) . Such warm and humid conditions can be seen as favourable for human occupation, somehow verified by extensive findings of Middle Palaeolithic artefacts in Ifri n'Ammar . Likewise, MIS 5 appears to be an intense period of AMH settling in coastal areas of Morocco (e.g. Campmas et al., 2015) .
MIS 4-MIS 3
From the four investigated profiles, only one luminescence age points to MIS 4-MIS 3 (profile IAM 2). In parallel to this time period during which little aggradation is observed in our ephemeral stream system, few information is available for the final stage of the Middle Palaeolithic and the early Upper Palaeolithic in Ifri n'Ammar. This might indicate that human occupation in this region declined betweeñ 50 ka and the end of Heinrich Event (HE) 2 around 24 ka (Linstädter et al., 2012) . Tjallingii et al. (2008) have described MIS 4 as an arid period. Also, a higher supply of aeolian material in the Mediterranean from the North African deserts indicates drier conditions (Ehrmann et al., 2013) . Additionally, the coldest sea surface temperatures occurred during MIS 4, especially around 60 ka (Pérez-Folgado et al., 2004) . MIS 3 is characterised by climatic variations linked to North Atlantic HE and Dansgaard-Oeschger (D/O) cycles reflected by several proxy records of marine sediments from the Alboran Sea (Moreno et al., 2002; Moreno, 2012) . Tjallingii et al. (2008) have mentioned abrupt millennial-scale alternations of arid and humid events during MIS 3. Other fluvial records from the Iberian Peninsula have shown that river sediments of MIS 4 and MIS 3 are usually not observed (Santisteban and Schulte, 2007) . Due to the development of the palaeosol post-dating 74 ± 6 ka ( Fig. 5) , increased stabilisation of the land surface together with enhanced vegetation growth may be assumed, probably during MIS 3, when more humid conditions prevailed.
MIS 2
The aggradation time span of layer IV (at least 18 ± 3 ka to 13.9 ± 1.0 ka) fairly well matches the period of the Iberomaurusian culture in north-western Africa (Linstädter et al., 2012) , particularly well represented in the archaeological sequence of Ifri n'Ammar (Moser, 2003; Nami and Moser, 2010) . In the latter, this culture was characterised by mollusc consumption during the Bølling-Allerød interstadial period (Zielhofer, 2007) . Based on fluvial archives of the lower Kert River (Fig. 1a) , which include deposits from the Bølling-Allerød and the Younger Dryas (Barathon et al., 2000) , El Amrani et al. (2008) inferred a cool and humid (partly arid) climate after 30 ka BP, mainly characterised by sediment aggradation. A highly consistent picture of river activity is evidenced across the Mediterranean basin during MIS 2 (Macklin et al., 2002) . This is in agreement with other fluvial basins in the Mediterranean (Santisteban and Schulte, 2007) .
Holocene
The middle to late Holocene aggradation recorded in layer V (6.8 ± 0.4 ka to 1.3 ± 0.2 ka, Fig. 11 ) is concomitant with the Neolithic period, which is not represented in the archaeological sequence. However, numerous Neolithic traces are observed in the entrance talus of the cave, and confirmed by a TL-dated pottery shard (7.4 ± 0.6 ka) extracted from the profile IAM 6 (Bartz et al., 2015) . The onset of the Neolithic period in this region was related to the Mediterranean climate optimum around 7.5 ka (Zielhofer and Linstädter, 2006) . However, the more humid Neolithic period seems to have been interrupted by a more arid event around 6-5 cal ka BP (Fletcher and Zielhofer, 2013) . The perennial Kert River reflects high aggradation rates in mid-to late Holocene times (El Amrani et al., 2008) . This is in agreement with Zielhofer et al. (2010) , who reported flood activity in the Lower Moulouya River particularly during an arid event between 3.2 and 2.7 cal ka BP. This short climatic event is also reflected in the alluvial sequences of the Medjerda River in Tunisia .
Channel-parallel layering of terrestrial gastropods (e.g. Otala cf. lactea) and charcoal remains around 2.3 ± 0.2 ka (Fig. 4 ) might point to a palaeo-surface. It was, however, not long enough stable for a pronounced soil formation, as evidenced by the sparsity of pedofeatures visible in TS 6.1 and preserved stratification of the Fluvisol (layer V of profile IAM 6; Fig. 4) . Therefore, we assume that Wadi Selloum was affected by short-term environmental changes during the late Holocene. Flood variability during that time range is also reported for the rivers Moulouya and Kert (Benito et al., 2015; El Amrani et al., 2008; Ibouhouten et al., 2010; Zielhofer et al., 2010) . From marine palaeoclimate records (Fig. 12) , an African Humid Period was observed between 14 and 2 ka (Ehrmann et al., 2013) . These records would suggest fluvial activity during more humid climate conditions in Wadi Selloum. After~1.3 ka, the sedimentation appears to have ended in Wadi Selloum. Similar observations were reported from the terrace sequences of the Kert River (El Amrani et al., 2008) and the Moulouya River .
Since AMH have settled in the vicinity of Ifri n'Ammar for many millennia, human impact on fluvial morphodynamics of Wadi Selloum, though difficult to quantify, may have played a significant role. In particular, the transition of hunter-gatherer communities to agricultural activity resulted in an intensified agricultural land-use that may have triggered soil erosion (Linstädter et al., 2012) , which, in turn, activated geomorphologic erosional processes. In southern Morocco, the beginning of the Islamic period around 1.3 ka BP led to expanded pastoralism, deforestation and agriculture, which changed the vegetation structure (McGregor et al., 2009 ). Schulte (2003) reported that human impact on river dynamics in the Vera and Penedes basins in Spain may have been crucial with respect to magnitude of surface runoff and sedimentation.
Summary and conclusion
The discontinuity of ephemeral stream systems underlines the difficulties for interpreting morphodynamic phases in Wadi Selloum. The application of luminescence dating techniques (OSL, pIRIR 290 , TL; see also Bartz et al., 2015) has established for the first time a geochronological framework for ephemeral stream deposits in NE Morocco. Thus, a well-dated ephemeral stream archive is presented, which supports the reconstruction of wadi morphodynamics. The depositional ages for the Wadi Selloum sediment sections show aggradation during MIS 5c and MIS 5a, as well as from after the LGM to the Bølling-Allerød period, and the Holocene. Morphodynamic activity of Wadi Selloum may be linked to humid periods (African Humid Periods: N 105-95, 83.5-72 and 14-2 ka; Ehrmann et al., 2013) , but should be taken with caution due to the high discontinuity of the studied archive and the uncertainties of the luminescence ages. Pedogenesis may be used as significant environmental marker, indicating more humid climate conditions in form of secondary carbonate precipitation during MIS 3 (Calcisol; palaeosol), since early Holocene times (Calcisol; soil I) and the late Holocene (Fluvisol; soil II).
Nevertheless, the reconstruction of the palaeo-landscape is still challenging due to the high erosional power of the complex ephemeral stream system. A single high-energy flash flood event can cause a significant gap in the sediment archive, which then leads to a discontinuous record. Due to the complexity of the given ephemeral stream system, it is difficult to establish a linkage between the occupation phases of the rock shelter of Ifri n'Ammar on the one hand, and environmental changes on the other hand.
Our data correspond to the time of the Middle Palaeolithic and the Iberomaurusian culture and provide first insights into palaeoenvironmental changes around Ifri n'Ammar. The question whether humans occupied Ifri n'Ammar during warm/wet or cold/ dry climate conditions remains open; however, our data may suggest that humans occupied Ifri n'Ammar during wetter and warmer climatic conditions.
